Abstract Effects of aconitine and veratridine on membrane currents in the crayfish giant axon were studied under voltage-clamped conditions. Aconitine at 50 µM reduced the Na current without changing the K current. The Na current left after aconitine block showed the activation and inactivation kinetics unaltered from the normal. These aconitine effects differ from those reported previously with myelinated nerves. The rate of Na channel block by aconitine was increased with increasing either frequency or voltage of depolarizing pulses delivered repetitively from the holding potential but was not affected by a change in the pulse duration from 2 to 10 msec. The same change in the pulse duration, however, caused about a 4-fold increase in the blocking rate in the axon of which inactivation process had been removed by a pretreatment with a sea anemone toxin from Parasicyonis actinostoloides. These results are explained by a model in which Na channels are occluded with aconitine molecules only when the channels are open. Veratridine at 50 /AM also exhibited frequency-dependent actions, depressing the maximum peak inward current and shifting the reversal potential of the transient current in the hyperpolarized direction. These veratridine effects persisted after washing. In addition to such persistent actions, veratridin induced a maintained Na current at the holding potential during repetitive stimulation. This effect was abolished after a brief wash unlike the above-mentioned persistent effects, suggesting that veratridine has two (or more) different modes of actions on Na channels in the crayfish giant axon.
1974; DUCREUX and COLA, 1982) . Since the alkaloid-induced depolarization is completely reversed by application of tetrodotoxin, these toxins are often referred to as Na channel activators. It has been shown using voltage clamp techniques that alkaloid toxins modify the Na channel kinetics so as to lower the threshold for activation and slow the inactivation (SCHMIDT and SCHMITT, 1974 ; MOZHAYEVA et a!.,1977; KHODOROV and REVENKO,1979; SEYAMA and NARAHASHI, 1981; HUANG et al., 1982) . The above result explains well the depolarizing effect of alkaloid toxins on unclamped membranes.
However, more complicated aspects have also been reported on the action of alkaloid toxins. Aithough the alkaloids persistently activate Na channels, the maximum inward current is usually decreased under toxin influences. A single open channel conductance of batrachotoxin-modified Na channels was reduced from that of normal Na channels (KHODOROV et al., 1981; QUANDT and NARAHASHI, 1982) . Toxin effects of alkaloids were enhanced during repetitive stimulation (ULBRICHT and FLACKS, 1965; NARAHASHI et al., 1971; MOZHAYEVA et al., 1977; KHODOROV and REVENKO, 1979) . Alkaloid toxins in some cases altered the ionselectivity of Na channels (MOZHAYEVA et al., 1977; KHODOROV and REVENKO, 1979; CAMPBELL, 1982) .
It is not yet clear whether the various toxin effects described above are derived from a unique mechanism comprising a very specific interaction between a toxin molecule and a Na channel or are induced respectively through different modes of interactions. In the present study, aconitine and veratridine are applied to crayfish giant axons to investigate toxin effects in detail. Aconitine in crayfish axons does not induce such a maintained Na current as reported previously in myelinated nerve axons (SCHMIDT and SCHMIDT, 1974; MoZHAYEVA et al., 1977) . Rather, it blocks Na channels like a common type of local anesthetics. Veratridine, on the other hand, induces a maintained Na current while it also reduces the Na condutance partially and shifts the reversal potential of Na current in the negative direction. The onset of all these effects depends strongly on a stimulation frequency during the treatment. The results suggest the occurrence of different modes of interactions between toxin molecules and open Na channels.
MATERIALS AND METHODS
Medial giant axons in the circumoesophageal connectives of the crayfish Procambarus clarkii were used in voltage-clamp experiments after being isolated from connective tissues and small fibers. The standard bathing medium of axons was van Harreveld's solution (V-H solution) containing (mM) 207 NaCI, 5.4 KCI,lucite chamber which consisted of three compartments with vaseline seals. The axon with a length of about 400 µm in the middle compartment was perfused with V-H solution while the membrane in the two lateral compartments was depolarized by 256 mM KCI. The membrane potential of the axon in the middle compartment was monitored with a glass capillary microelectrode filled with 3 M KCl and clamped with the current fed from Ag-AgCI electrodes placed in the two lateral pools. The holding potential was --100 mV. The temperature of the bath was kept at 12°C. Linear portions of leakage and capacitative currents were canceled from current records using a signal averager.
To examine aconitine or veratridine effects on tissues other than crayfish axons, sartorius muscles and ganglion cells in the lumbar sympathetic chain of the toad, Bufo vulgaris japonica were used. Muscles were pretreated for 40 min with 400 mM glycerol added in the frog Ringer solution to block contractions.
Aconitine, veratridine, and 3-aminopyridine were purchased from Sigma Chemical (St. Louis, Mo.), and tetrodotoxin (TTX) from Sankyo (Tokyo). Parasicyonis toxin (PaTX) from the sea anemone Parasicyonis actinostoloides was provided by Dr. S. Fujita.
RESULTS

Influences of aconitine and veratridine on membrane potentials
Aconitine applied at 100 µM to crayfish giant axons caused only a slight reduction in the amplitude of action potnettal (8-17 mV in four axons) without affecting the resting membrane potential after treatment for 20 min. During the above treatment, the axons were stimulated repetitively at 1 Hz to evoke action potentials. In toad muscle fibers and sympathetic ganglion cells, similar treatments with aconitine induced 10-20 mV depolarizations and spontaneous firings, followed by the block of generation of action potentials within 15 min.
Veratridine at 50 uM induced marked depolarizations in all the membranes mentioned above. The depolarizing effect of veratridine on the crayfish giant axon was reported in our previous paper (WARASHINA et al., 1981) .
Effects of aconitine on the membrane current in the crayfish giant axon Aconitine effects in the crayfish giant axon were studied under voltage-clamp conditions. Figure 1 A and B shows families of membrane currents in an axon before and after 12 min treatment with 50 ,uM aconitine. The axon was stimulated repetitively during the treatment with 4 msec depolarizing pulses to -20 mV at a frequency of 0.5 Hz. The current measurement was carried out with voltage pulses ranging in 16 mV steps from -68 to X76 mV. Intensities of the peak Na current and the K current at the end of 4 msec pulse, before and after the aconitine treatment, are plotted against the voltage of pulses in Fig, 1C . The peak Na currents after the aconitine treatment (filled circles) are reduced from those before the treatment (open circles) rather uniformly in the entire range of voltage. This contrasts with the aconitine effect on myelinated nerve fibers and neuroblastoma cells, in which both the threshold for activation and the reversal potential for the Na current were shifted in the hyperpolarized direction (SCHMIDT and SCHMITT, 1974; MOZHAYEVA et al., 1977; GRISHCHENKO et al., 1983) . In some experiments in this study, the holding potential was lowered from -100 to -148 mV to confirm that the aconitine effect in the crayfish giant axon is different from that in other membranes. Under such hyperpolarized holding potentials, aconitine-induced inward currents occurring at voltages below the normal threshold became evident in experiments carried out by the above authors. In the crayfish giant axon, however, such low threshold current was not induced by 100 /LM aconitine.
The K current after aconitine treatment (crosses in Fig. 1C ) does not significantly differ from that before the treatment (triangles). Thus, aconitine acts specifically on Na channels in the crayfish giant axon.
Frequency-dependent block of the Na current by aconitine It was found that the blocking action of aconitine to Na channels in the crayfish giant axon was frequency-dependent, i.e., the block develops faster and more extensively in axons activated repetitively than in resting axons. In the experiments of Fig. 2A an axon was exposed at time zero to 50 , sM aconitine dissolved in Japanese Journal of Physiology V-H solution at pH 7.8 while the axon was stimulated repetitively at 0.5 Hz with 4 msec pulses to -20 mV. A change of the Na current during the aconitine treatment is presented by the records in Fig. 2A , which were taken at 1 min intervals from 0 to 11 min. During the intermission of pulse delivery from 4 to 7 min, intensity of the Na current does not change as seen in the records ( Fig. 2A ) and a plot of the peak amplitude (filled circles in Fig. 2B ). In a similar experiment at pH 7.0, on the other hand, a recovery from the block is exhibited during the intermission of repetitive pulses from 8 to 14 min (open circles in Fig. 2B ). A positively ionizable group on an aconitine molecule of which charged state depends on the pH condition may be responsible for the pH-dependent behavior during the intermission of stimulation as discussed later. The onset time constants of aconitine block under the pulsing condition mentioned above were 4.6±1.2 min (mean ±S.D.; n=8) at pH 7.8 and 6.7+0.7 min (n=5) at pH 7.0 by excepting the initial lag of about 1 min, and the amplitude of Na current at steady block was 33±4 of the control at pH 7.8 and 40±5 % at pH 7.0, respectively.
Influence of pulse-duration on aconitine-induced block In the experiment depicted in Fig. 3 , an axon was exposed to 50 ,uM aconitine while repetitive, depolarizing pulses at 0.5 Hz to -20 mV were applied. The current was recorded at 1 min intervals as shown in Fig. 3A . A change in the amplitude of the peak Na current after the onset of the treatment is presented by Vol. 35, No. 3, 1985 Time (min) Fig. 2 . Frequency-dependent block of Na channels by aconitine.
(A) Change in the peak Na current during treatment of an axon with 50 /LM aconitine at pH 7.8. Repetitive pulses (0.5 Hz) to -20 mV were applied during the treatment.
The time (in min) after the onset of treatment is indicated.
The delivery of pulses was stopped from 4 to 7 min. (B) Change in the amplitude of the peak Na current after the onset of aconitine treatment at pH 7.8 (curve a) or at pH 7.0 (curve b). Different abscissa (a) and (b) are used for curves a and b, respectively. The period in which pulse delivery was stopped is indicated by the shaded patch.
curve a in Fig. 3B . The duration of pulse in the repetitive stimulation was 10 msec in the period from 3 to 6 min (indicated by the shaded patch in Fig. 3B ) while 2 msec pulses were employed in the remaining periods. The five-fold increase in the pulse duration does not affect the blocking, judging from the fact that curve a does not have a discontinuity in its slope before and after the shaded area and is approximated as a single exponential except for an initial delay. The above result is understandable if the binding of aconitine to block Na channels takes place more effectively in a conducting state than in an inactivated state of channel. This point is further considered in the latter part of this section.
Curve b in Fig. 3B represents a recovery from aconitine block during wash of the axon with drug-free V-H solution. The wash started at the time designated by the arrow. In the periods connected by the solid lines, the axon was rested at the holding potential whereas in the period indicated by the dotted line it was stimulated with pulses to -20 mV at 0.5 Hz. Unlike that in the onset process, repetitive activations of axons have no clear effect on the recovery rate. The intensity of peak Na current was increased from 32 to 85 % of the control during the wash for 40 min. The half maximum time for the recovery from aconitine block by washing averaged 14±4 min (n=4).
Japanese Journal of Physiology Fig. 3 . Influence of pulse-duration on aconitine block of Na channels.
(A) Change in the Na current in an axon after exposed to 50 y aconitine.
Repetitive pulses (0.5 Hz) to -20 mV were applied during the treatment . The time (in min) after the onset of aconitine treatment is indicated. The duration of pulses was 2 (0-3 min), 10 (3-6 min), 2 msec (after 6 min). (B) Curve a: change in the amplitude of the peak Na current during the aconitine treatment.
The shaded patch indicates the period in which 10 msec pulses were delivered. Curve b : the recovery from the block during washing the axon with aconitine-free V-H solution (open circles). The arrow designates the beginning of washing. The axon was repetitively stimulated during the intervals drawn by the dotted line. The initial portion (filled circles) is a duplicate of curve a (note that different time scales, (a) and (b), on the abscissa are used for curves a and b, respectively).
Voltage-dependent block of Na channel by aconitine
In the experiment depicted in Fig. 4B , an axon was exposed to 50 µM aconitine while the axon was stimulated at 0.5 Hz with repetitive conditioning pulses. The voltage of conditioning pulses was altered in the indicated periods as follows : (a) X60; (b) +28; (c) -4; (d) -20; (e) -36 mV. The peak Na currents were measured with test pulses to -20 mV at 2 min intervals between conditioning pulses. The block attained a steady level around 12 min after the onset of treatment (in period a). By lowering the voltage of conditioning pulses stepwise from periods a to e, the steady level of the block is reduced. This is indicative of a voltage-dependent interaction of aconitine molecules with Na channels.
A series of experiments were performed routinely to determine the rate of aconitine block as a function of pulse voltage. In Fig. 4A , a change in the amplitude of peak Na current with test pulse to -20 mV after application of 50 µM aconitine is plotted using a logarithmic ordinate. In this experiment, the voltage of conditioning pulses at 0.5 Hz was altered from -4 to X60 mV at 4 min after the onset of treatment. The value of P in the ordinate was calculated by the Vol. 35, No. 3, 1985 Fig. 4. Voltage-dependent block of Na channels by aconitine.
(A) Change in the amplitude of peak Na current during treatment of an axon with 50 µM aconitine was plotted on the logarithmic ordinate (for detail of P, see the text). The axon was stimulated repetitively (at 0.5 Hz) by depolarizing pulses to -4 mV in period 1 and to +60 mV in period 2. The current was measured at 1 min intervals with test pulses to -20 mV. (0) and INa(t) represent intensities of the peak Na current measured at time zero and t, respectively, and INa(oo) is that at the steady block as a function of the voltage of conditioning pulses, which was obtained from experiments as shown in Fig. 4B . The slopes denoted by rl and r2 give the rates of block with conditioning pulses to -4 and to +60 mV, respectively. In every determination, rl was measured with conditioning pulses to -4 mV to standardize the data. Thus, the relative rate of aconitine block is expressed by (r2/r1) and drawn by curve R in Fig. 4C as a function of voltage used for r2-measurement. Curve M in Fig. 4C represents the potential dependence of the peak Na conductance, which was calculated from the current-voltage relation in Fig. 1C on the assumption that the positive slope from --20 to X76 mV was derived from the Ohmic nature of fully activated Na channels. If the aconitine binding to open Na channels takes place at an equal probability irrespective of the membrane potential, the voltage dependence of the blocking rate would follow curve M (for accurate evaluation, however, changes in the activation and inactivation kinetics with the membrane potential, which affect the mean open time of activated Na channels, should be taken into account in curve M). By comparing curve M and R, the rate of aconitine block appears to depend not only on the fraction of activated channels but also on the voltage of pulse. Aconitine enters open Na channels at accelerated rate by increasing the membrane potentials in the positive direction.
Japanese Journal of Physiology Steady-state Na inactivation in an aconitine-treated axon The steady-state Na inactivation in a crayfish giant axon was measured with a double-pulse technique (HODGKIN and HuxLEY, 1952) as illustrated in Fig. 5 (inset). The relative amplitude of the peak Na current associated with test pulse to -20 mV is plotted against the voltage of 15 msec conditioning pulse in Fig.  5 (open circles). The same determination was repeated after the Na current was depressed to 47% of the control by treating the axon with 50 uM aconitine for 15 min under a repetitively stimulated condition. The result is presented by the filled circles in Fig. 5 , in which the peak current amplitude at -100 mV was normalized to that obtained before the aconitine treatment to compare the voltage dependence of both curves. Although aconitine reduced the Na current to a large extent, the voltage dependence of Na inactivation is little affected as seen in Fig. 5 . This result with crayfish giant axons differs from those with myelinated nerves (SCHMIDT and SCHMITT, 1974) and with muscle fibers (CAMPBELL, 1982) , in which aconitine shifted the voltage dependence of the Na inactivation in the hyperpolarized direction.
Aconitine block in a PaTX pretreated axon
It is suggested from the experiment of Fig. 3 that aconitine does not bind to Vol. 35, No. 3, 1985 n,c ','II Fig. d . Block of the Na current by 50 µM aconitine in an axon pretreated with 100 nM PaTX. Change in the intensity of peak Na current elicited by depolarizing pulse to -20 mV is plotted against the time after the onset of aconitine treatment . Conditions in the indicated periods were as follows : (A) repetitive 2 msec pulses (0.5 Hz) to -20 mV were delivered; (B) the pulse duration was changed to 10 msec; (C) the current records shown in Fig. 7B were taken; (D) repetitively stimulated by 2 msec pulses; (E) repetitive pulsing was terminated; (F) aconitine in the bath was removed. Inset : current traces recorded in 1 min intervals after the onset of aconitine treatment. The K current was suppressed by 1 mM 3-aminopyridine.
inactivated Na channels. This notion may be further tested by studying the aconitine effect on an axon pretreated with Parasicyonis toxin (PaTX) since PaTX effectively removes the Na inactivation in the crayfish axon (WARASHINA and FUJITA, 1983) . In the experiment of Fig. 6 an axon was exposed to 100 nM PaTX for 15 min. Then, the axon was washed for 10 min with V-H solution containing 3-aminopyridine at 1 mM to block a major portion of the K current. The removal of normal, rapid inactivation by PaTX is denoted by a maintained Na current during a prolonged depolarization as seen in Figs. 6 (inset) and 7A (PaTX action persists very stably in PaTX-free solutions (FUJITA and WARASHINA, 1980) ). Then, the axon was perfused with V-H solution containing 50 ACM aconitine while repetitive stimulation (0.5 Hz) with pulses to -20 mV was applied. A change in the amplitide of the peak Na current after the onset of the above treatment is plotted in Fig. 6 . An increase in blocking rate in period B is associated with a change in the pulse duration from 2 (in period A) to 10 msec (in period B) in the repetitive stimulation. The 5-fold increase in the pulse duration brought about an increase in blocking rate by a factor of 4.3±1.3 when evaluated from five experiments similar to that illustrated in Fig. 6 . The result, therefore, seems to provide further support to the notion that aconitine effectively binds to open Na channels but not to resting or inactivated ones.
During period C in Fig. 6 , the Na currents were measured to determine the current-voltage relation presented below in Fig. 7B . A partial recovery from the Japanese Journal of Physiology Fig. 7 . Aconitine effects on the Na current in a PaTX-pretreated axon, (A) A family of membrane currents in the axon treated with 100 nM PaTX. Voltage pulses ranged in 16 mV steps from -68 to +76 mV. (B) A family of membrane currents after treatment of the same axon with 50 yM aconitine (taken in period C in Fig. 6 ). (C) The peak Na current in the PaTX-pretreated axon before (0) and after (.) the aconitine treatment are plotted against the voltage of pulses. A, the peak Na current after washing the axon with aconitine-free V-H solution.
The external medium contained 1 mM 3-aminopyridine throughout the experiment to block a major portion of K current. EFFECTS ON AXONS 473 block is seen in period D by switching the pulse-duration from 10 to 2 msec. A further recovery is observed by stopping the repetitive stimulation in period E. It is apparent that aconitine molecules are detached from Na channels at a polarized membrane potential (-100 mV) even in the presence of aconitine in the external medium. In period F, the axon is washed with aconitine-free V-H solution. The time to the half maximum recovery from aconitine block during wash was 7±3 min (n=4) in PaTX-pretreated axons, which was faster 14±4 min (n=4) in axons without pretreatment. A family of the Na currents, taken either from the axon treated with PaTX alone and from that treated additionally with aconitine, are presented in Fig. 7A and B respectively. The intensities of the peak Na current before (open circles) and after aconitine treatment (filled circles) are plotted in Fig. 7C (since currents elicited by large depolarizing pulses do not compose clear peak in the PaTX-treated axon as shown in Fig. 7A and B, the current levels at 0.2 msec after the beginning of the voltage pulses were used for the plot). It is noted that in the PaTX-pretreated axon aconitine not only reduces the Na current but also shifts the reversal potential to less positive potentials. The latter effect is absent in axons treated with aconitine alone (Fig. 1) . By washing the axon with V-H solution, the reversal potential is brought back close to the initial point accompanied by a recovery of the current intensity as shown by the triangles in Fig. 7C . Vol. 35. No. 3. 1985 Fig. 8. Effects of 50 ,uM veratridine on the membrane current in the crayfish giant axon.
Curve a: change in the amplitude of the peak Na current plotted against the time after the onset of veratridine treatment. Curve b : change in the holding current during the veratridine treatment.
In the periods indicated by (A) and (C), the axon was stimulated by repetitive pulses (0.5 Hz) to -20 mV. The repetitive pulsing was stopped during the periods (B) and (D). The axon was washed with veratridine-free V-H solution in period (E). Note that different ordinates (a) and (b) are used for curves a and b, respectively.
Effect of veratridine on the membrane current of the crayfish giant axon
When 50 ,uM veratridine is applied to an axon that is stimulated repetitively (0.5 Hz) with 4 msec pulses to -20 mV, two major effects are seen in the first 5 min (period A in Fig. 8) ; one is an increase in the holding current (represented by the open squares) due to an induction of a maintained inward current at the holding potential and the other is decrease in the amplitude of peak inward current measured from the level of the holding current before the veratridine treatment (the filled circles). In period B, where the delivery of repetitive pulses is stopped, the peak inward current shows a slight increase while the previously increased holding current reverses to the level before the treatment. When the repetitive pulses are delivered again in period C, the peak inward current decreases further whereas the increase in the holding current is saturated. By stopping the delivery of repetitive pulses in period D, a rapid increase in the peak inward current that is accompanied by a decrease in the holding current is observed again. In period E, the axon is washed with veratridine-free V-H solution without delivering repetitive pulses until 24 min. After that, repetitive pulsing no longer induces either an increase in the holding current or a decrease in the peak inward current. On the other hand, the previously decreased peak inward current does not reverse significantly.
The transient inward current as well as the maintained current after veratridine treatment were completely suppressed by an addition of 200 nM TTX in the bath.
The above result indicates that veratridine modifies Na conductance in at least two distinct fashions, i.e., it reduces the peak inward current persistently while it converts some of the population of Na channels into a form to generate a maintained Na current when axons are stimulated repetitively. In this population of channels, the Na inactivation is considered to be abnormally slowed even at the holding potential so that the summation of current takes place during repetitive stimulations. It is noted that the rapid increase in the peak inward current observed during the off-stimulus periods (B and D) is not likely due to a recovery from the veratridine-induced block since the block in this preparation is practically irreversible. Instead, it may be associated with a recovery from the slowly inactivating Na channel to the normal form. If that is the case, an increase in the peak inward current during off-stimulus period implies that slowly inactivating Na channels under veratridine influence have the Na conductance largely reduced from that of the normal.
Characteristics of the maintained current during repetitive stimulation After a maintained current during repetitive stimulation attained the maximum level in axons treated with 50 /AM veratridine, some properties of the maintained current were examined as shown in Fig. 9 . The records on panel A show changes of the maintained (holding) current during 1 min stimulation at 1 Hz by pulses to various voltages that are indicated above the respective records (current inten-sities were sampled by a digital memory at 1 msec prior to each voltage pulse, and then read out to the pen recorder). Time constants of the response after the onset and offset of stimulation with pulses to 76 mV are 9.1 and 11 sec, respectively, and are rather independent of the voltage of repetitive pulses. The response size measured at the end of the stimulation is plotted in Fig. 9B (circles) as a function of the voltage of pulses. The voltage dependence of the response shows a good correlation with the fraction of activated Na channels (represented by the dotted line), which was evaluated from the current-voltage relation in the axon before the veratridine treatment. If the maintained current is brought about when veratridine interacts with Na channels in an open state, the response size should vary with the duration of stimulus pulses under the condition that the duration is in a time range shorter than the completion of the Na inactivation. This was examined in the experiment of Fig. 9C . In the figure the triangles denote response sizes after repetitive pulsing for 1 min to -4 mV with durations indicated by the abscissa while the dotted line gives the relative open time of Na channels as a function of applied pulse. The latter quantity was evaluated in practice from a numerical integration of Na current profile associated with a step depolarization to -4 mV within an interval corresponding to a duration of the applied pulse. In Fig. 9C , the response Vol. 35, No. 3, 1985 is saturated in a similar manner to that expected from the calculation, although the observed response depends somewhat more sharply on the pulse duration as compared with that from the calculation.
Other characteristics of the veratridine-induced maintained current found in this study are as follows : the current was not immediately inactivated at hyperpolarizing potentials up to -150 mV; the reversal potential of the current was +2 mV (mean of two experiments), which was about 48 mV negative compared with that of normal Na channels.
The current-voltage relation in veratridine-treated axon As mentioned before, some components of veratridine effects persisted during an extensive wash. To examine properties of such current components, a family of the current records were taken between 30 to 45 min in period E in the experiment of Fig. 8 , and presented in Fig. 10A . The peak currents measured from the above records (filled circles) and those measured before veratridine treatment (open circles) are plotted in Fig. IOC . By comparing the two curves, a decrease in the maximum inward current and a shift in the reversal potential to a less positive voltage are recognized as veratridine effects. The shift in the reversal potential induced after veratridine treatment at 50 uM averaged 34±5.6 mV (n=21) (45 mV shift shown in Fig. 1OC was the largest of all) . When the veratridine concentration was increased stepwise up to 200 µM, the reversal potential reached around 0 mV at 100 µM and no further shift occurred after that. Japanese Journal of Physiology Similar shifts in the reversal potnettal have been reported with various alkaloid toxins and ascribed to an alteration in the ion selectivity of Na channels by these toxins (MOZHAYEVA et a1.,1977; CAMPBELL, 1982; KHODOROV and REVENKO, 1979; SEYAMA and NARAHASHI, 1981) . To examine this, the external medium of the veratridine-treated axon of Fig. l0A was changed from V-H solution to a choline Ringer solution in which all NaCI in V-H solution was replaced with equimolar choline chloride. In the choline Ringer solution, the current flows only outwardly in the entire range of voltage as shown in Fig. lOB and C (crosses) . The outward current with a pulse to X76 mV after veratridine treatment was about 4 times as large as that arising in an untreated axon bathed in the choline Ringer solution (the data for the untreated axon is not shown). On the other hand, the time course of the conductance change elicited in both Ringer solutions by corresponding voltages is quite similar (Fig. l0A and B) . Thus, it is likely that in veratridineaffected axon a substantial portion of the outward current is carried by K ions through Na channels. However, a direct evaluation of permeability ratios between Na and other monovalent ions was not successfully performed with this preparation since the substitution of K+ or NH4+ for Na+ made the current profile unstable during measurements probably due to a rapid dissociation of veratridine from Na channels and an induction of large, nonlinear leakage current in these media.
In the above two persistent effects, one may think that the reduction in the peak inward current might be derived merely from the alteration in the ion selectivity of Na channel. Namely, a certain portion of the inward current could be canceled by an outwardly directed K current, which passed through veratridineaffected Na channels. However, the reduction in the inward current by veratridine (the difference between the open and filled circles in Fig. 1OC ) is larger than the outward current arising in the choline Ringer solution (crosses) as clearly seen in the potential range below 0 mV. Since only the same amount of current as that of the latter would have flowed to cancel the inward Na current when the axon was in V-H solution, the decrease in the Na conductance must have occurred concomitantly with the shift in the reversal potential after veratridine treatment. Concerning Na channels persistently affected by veratridine, the activation and inactivation kinetics, and the voltage dependence of steady-state inactivation were not modified from the normal.
DISCUSSION
Aconitine effects on the crayfish giant axon. It was shown in this study that aconitine specifically blocked the Na current in crayfish giant axons. This aconitine block occurred in a frequency-dependent manner, i.e., the block was markedly accelerated when axons were stimulated repetitively (Fig. 2) . It also exhibited a voltage-dependent nature, i.e., the block advanced more rapidly and extensively by delivering larger depolarizing pulses (Fig. 4) . It is suggested that the blocking action with aconitine takes place effectively only when Na channels are open.
The Na current remaining after aconitine treatment had activation and inactivation kinetics quite similar to those before treatment. Neither the threshold voltage to activate Na channel, the reversal potential of the Na current (Fig. 1) , nor the voltage dependence of steady state inactivation (Fig. 5) was affected in remaining channels. These results are readily explained if each Na channel is blocked by aconitine in an all-or-none fashion. Namely, aconitine-bound Na channels stop conducting completely while the other fraction of Na channels functions normally. Alternatively, aconitine might reduce a single channel conductance partially, without modifying the kinetics and voltage dependence of channels gating.
Mechanism of frequency-and voltage-dependent block of Na channels. It is known that various kinds of anesthetics and chemicals bring about a frequencyand voltage-dependent action to ionic channels. Among them, Na channel blocking with QX-314 (a quaternary derivative of lidocaine) in myelinated nerves (STRICHARTZ, 1973; CAHALAN and ALMERS, 1979) and with 9-aminoacridine in squid axon (YEH, 1979) have natures similar to that with aconitine in this study (although time courses of blocks with those chemicals are much faster than that with aconitine). Thus, mechanisms proposed by STRICHARTS (1973) and YEH (1979) to elucidate Na channel block with those chemicals are adopted for explaining the aconitine block in this study as described below.
Aconitine is considered to pass through lipid parts of axonal membrane owing to its lipophilic nature and to have access to Na channels from the axoplasmic side. By resting the axon at the holding potential, aconitine accumulates in the axoplasmic side due to a favorable interaction between the negative electric potential inside and a positive charge of aconitine molecule. On activating Na channels by depolarizing pulses, aconitine molecules in axoplasm tend to migrate into Na channels while they are open and bind to certain sites to occlude the channels in a frequency-dependent manner. Due to the cationic nature of aconitine molecule, this outward movement of aconitine may be promoted as the membrane potential is moved in the positive direction by pulses of higher voltage. When the membrane is repolarized, aconitine molecules in Na channels detach slowly from the binding sites so that the aconitine distribution moves back to fit that of the holding potential. The detaching rate is expected to be increased by lowering the external pH (which may reduce as well local pH in and in the vicinity of Na channels) since aconitine molecules ionized more at lower pH are forced to be translocated from Na channels into axoplasm by a stronger electrostatic interaction. In fact, a slow recovery from aconitine block was observed at pH 7.0 in an off-stimulus period while recovery was too slow to be seen in a short time at pH 7.8 as shown in Fig. 2B (curve a and b) . For quantitative accounts of the data, accurate evaluations of the chemical potential of aconitine molecule both in axoplasm and at the binding site are required. The chemical potential at the binding site is probably complicated by the aconitine-Na channel interaction which may be modulated by conducting states of the channel. The information required is not readily obtainable at the present stage of the study.
Besides local anesthetics and 9-aminoacridine, various kinds of chemicals are known to block Na channels. Plant alkaloids, ervatamine, and yohimbine were reported to block Na current in a frequency-dependent manner (FRELIN et al., 1981) . N-Methylstrichinine (SHAPIRO, 1977) , pancuronium (YEH and NARAHASHI, 1977) , and n-alkylguanidine (KIRscH et al., 1980) are also considered to occlude open Na channels from the axoplasmic side. The blockade of Na channels by these chemicals may be understood based on a mechanism similar to that described above.
Aconitine effect on PaTX-treated axon. The aconitine action in PaTX-pretreated axons differed from that in axons treated with aconitine alone in the following points. First, the aconitine block in PaTX-pretreated axons developed faster with increasing the duration of depolarizing pulses whereas the rate of block in normal axons was independent of the pulse duration as long as it is longer than the time to complete the inactivation (compare Fig. 6 with Fig. 3 ). This result supports the notion that only open Na channels provide high affinity binding sites for aconitine since the pretreatment with PaTX has an effect on Na channels to inhibit the inactivation process (WARASHINA and FUJITA, 1983) . Second, the recovery from aconitine block by washing was speeded up in PaTX-pretreated axon. Similar results were reported with 9-aminoacridine (YEH, 1979) and QX-314 (CAHALAN, 1978) after removal of Na inactivation by pronase-pretreatment.
Third, the reversal potential of the Na current in PaTXpretreated axons shifted to a less positive potential under aconitine influence (Fig.  7C ). The mode of interaction between aconitine and PaTX that causes the above phenomenon has not been identified in this study.
Veratridine effects on the membrane current in the crayfish giant axon. In this study, veratridine effects on the crayfish giant axon are categorized into two types according to their persistence against washing. As persistent effects, veratridine caused a reduction in the maximum intensity of the inward current and a shift in the reversal potential to the less positive potential (Fig. 10) . These two effects advanced concomitantly in a frequency-dependent fashion (Fig. 8 ). An underlying mechanism for the partial block of Na current with veratridine is thought to be similar to that described with aconitine. On the other hand, the shift in the reversal potential is likely attributable to an altered ion-selectivity in veratridineaffected Na channels as has been revealed from similar shifts in myelinated nerves after treatment with aconitine (MOZHAYEVA et al., 1977) or batrachotoxin (KHODOROV and REVENKO, 1979) . However, whether the depression of conductivity and the alteration of ion selectivity in veratridine-affected axons occur in the same population or in separate populations of Na channels cannot be answered at present.
In addition to those persistent effects, veratridine induced an inwardly directed maintained current only while axons were activated repetitively in the presence of veratridine in the bath.
The veratridine-induced maintained current is presumably related to the wellknown depolarizing action of the toxin to various nerve membranes (ULBRICHT and FLACKE, 1965 ; OHTA et al., 1973 ; WARASHINA et al., 1981; DUCREUX and COLA, 1982) . Summated after-potential (ULBRICHT and FLACKE, 1965; MEVES, 1966) and augmented long lasting current tails (ULBRICHT, 1969) were exhibited when veratridine-treated membranes were stimulated repetitively. These appear to have the same origin as that of the maintained current observed here.
In the present preparation, the maintained current was generated by a population of Na channels that inactivated very slowly with a time constant of about 11 sec at the holding potential. The maintained current was induced only when veratridine interacted with open Na channels. Moreover, open channel conductance of the slowly inactivating channels seemed much smaller than that of normal, and the reversal potential of the maintained current was about 48 mV negative from the normal.
It is suggested in this study that the veratridine actions in the crayfish giant axon as a whole are derived from at least two different types of interactions between Na channels and veratridine molecules, one is persistant and the other is washable. The simplest model to interpret this may be two independent sites for the respective actions of veratridine. However, it may also be assumed that the maintained current is induced when the two sites are occupied by veratridine simultaneously. Moreover, a conversion of veratridine binding from washable to persistent modes within the same site might explain the occurrence of the two types of actions. It is difficult to select the right case at the present stage.
Comparison of aconitine and veratridine effects on various membranes. Major actions of alakloid toxins on Na channel kinetics under voltage-clamped conditions may be summarized as follows: 1) shifting the threshold of the channel activation in the hyperpolarized direction, 2) slowing the channel inactivation to induce a maintained current, 3) shifting the reversal potential in the hyperpolarized direction, 4) reducing the maximum peak inward current due to a decrease in the channel conductance.
Aconitine when applied to frog myelinated nerves induced all of these effects (SCHMIDT and SCHMITT, 1974; MOZHAYEVA et al., 1977) . A similar reaction occurred in frog skeletal muscles except that the inactivation was normal at higher membrane potentials (CAMPBELL, 1982) . In aconitine-treated neuroblastoma cells, the inactivation remained normal in the entire range of voltages although the other actions in the above items were exhibited (GRISCHENKO et a!., 1983) . In the crayfish giant axon, only the third effect of the above items was recognized as EFFECTS ON AXONS 481 shown in the present study. Different aconitine actions from those in myelinated nerves are also inferred in squid axons and in snail neurons, since aconitine did not depolarize these membranes (HERZOG et al.,1964; LEICHT et a1.,1971a) . These suggest that aconitine interacts distinctly with Na channels derived from different species depending on their channel structures. On the other hand, veratridine seems to elicit, more or less, similar effects on frog axons (ULBRICHT, 1969) , squid axons (MEVES, 1966) , snail neurons (LEICHT et al., 1971b; DUCREUX and GOLA, 1982) , and crayfish axons (in the present study), although the presence or absence of the effects itemed above cannot exactly be checked from these papers. It is shown in this study that effect 1) in crayfish axons was observed only during repetitive activations of the axons and abolished after a brief wash while effects 2) and 3) remained after an extensive wash. As stressed before, at least two different modes of interactions between veratridine and Na channels are involved in evoking these different effects.
